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Abstract 
Digitalization and the informational interconnection of value-adding-processes promise a multitude of opportunities to increase the 
competitiveness of production companies. This article introduces a research project, which takes an already existent production setting of a 
learning factory as a starting point and aims to optimize it using Industrie 4.0 approaches. The given value chain and IT-infrastructure are thereby 
used as a foundation, which is not rebuild, but retrofitted for an increased efficiency and flexibility. Additionally, an outlook on a competence 
center will be given, which aims to holistically transfer the vision of digitalization into company practice. 
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1. Introduction 
The ongoing developments in the field of information and 
communication technology constantly yield rising challenges 
for manufacturers. On the one hand, customers expect shorter 
response time. On the other hand, the requirements towards 
new functionalities and a high degree of individualization 
imply an increased product complexity.  
New leaps of technology rise the capabilities of embedded 
systems, thus enabling the transformation of current 
manufacturing processes into best practice cases meeting 
customer expectations. Such innovations are seen as a 4th 
industrial revolution [1] and are therefore referred to as 
Industrie 4.0. 
Regarding the current technological trends, the complexity 
and effort for developing, implementing and managing such 
production systems are expected to increase continuously [2]. 
This is one of the main reasons why many companies in the 
mechanical engineering and plant engineering field, small and 
medium-sized enterprises (SME) in particular, view Industrie 
4.0 with caution and skepticism. Therefore, it is crucial that the 
benefits of these developments are demonstrated and 
evaluated. This situation causes an urgent demand for research 
and learning facilities to offer new workshops, trainings and 
other events to target the specific needs and production 
environments of SMEs, using a benefit oriented approach. 
2. Research project “Effiziente Fabrik 4.0” 
For the above mentioned reasons results of the research 
project “Effiziente Fabrik 4.0” (EFA) offer [3] 
• a compilation of good-practice examples, previously
successful realized in industry,  
• a real experimental field making new attempts of Industrie 
4.0 tangible and visible for universities, companies, as well 
as employees and company associations and 
• successful methods, to involve efficiency-enhancing 
attempts effectively and sustainably into existing 
production systems. 
Since Industrie 4.0 was presented at the “Hannover Messe” 
in 2011, several demonstration centers for Industrie 4.0 have 
been established [4]. However, most of them have a greenfield-
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approach in common. The unique feature of this project is its 
implementation of Industrie 4.0 concepts in an already existing 
company infrastructure including typical milling processes and 
a manual or rather half automated assembly line producing a 
pneumatic cylinder. This brownfield approach faces the same 
challenges as SMEs. Moreover, the existing performance 
measurement system of the learning factory can be used to 
evaluate the implementation. This project started in the middle 
of 2014 with a pre study, which identified and analyzed already 
existing Industrie 4.0 good practice examples. Based on this, 
together with a project consortium out of twelve company 
partners and two research institutes, Industrie 4.0 concepts were 
designed and implemented in the process-learning factory 
“CIP” at the TU Darmstadt. Finally, these implemented 
concepts are currently being validated successfully. The results 
are didactically prepared in form of application guidelines and 
made accessible to companies and students through workshops. 
2.1. Preliminary good practice study 
Within a preliminary study 15 already existing Industrie 4.0 
good-practice solutions were examined through on-site 
interviews. The interview partners are suppliers, manufactures, 
as well as learning factories, which were chosen to identify the 
gap between company practice and research institutes. The 
focus of the study was the structural preparation of the 
identified solutions. The methodology consists of three parts 
[3]. 
The first part is the “EFA 4.0-stage model”, which shows 
development stages towards a full Industrie 4.0 implementation 
in eight different attributes, see fig. 1. These aspects include 
CPS (cyber-physical-system) characteristics, which are derived 
from recent literature. The structure is based on a 
morphological box. Every attribute of the EFA 4.0-stage model 
starts at stage 0. At stage 1, the respective attribute is used in its 
simplest form. To achieve the highest evolutionary step in one 
aspect, a solution has to contain all required features of a 
perfectly implemented CPS. The connected line in fig. 1 
illustrates the average of the examined good practice examples. 
Most of the examined solutions represent a high maturity level. 
The highest potential remains within the human-machine 
interface, especially in the fields of data preparation, data 
capturing, as well as data visualization. Most of the solutions 
are based on internet technologies, which enable a cross-linking 
Fig. 1 EFA 4.0-stage model
Fig. 2 EFA 4.0-business map
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along the value stream. Products are considered as an inherent 
part of the solutions. 
The second part of the study is the “EFA 4.0-business map”, 
which identifies the respective operational processes as well as 
the connection between them, see fig. 2. Within this business 
map, every continuous line represents one examined good 
practice solution. The colored lines distinguish between 
solutions of suppliers, user companies and research institutes. 
The depicted map shows the most affected business areas, as 
well as the connection between them. It can be seen, that core 
processes are mainly addressed. In particular, the sections 
production planning and manufacturing execution are focused. 
Within support processes areas such as quality management, 
labor organization and maintenance are mainly affected. Over 
80% of the examples interconnect more than four areas, which 
demonstrates the interdisciplinary of all solutions. 
The third model is the “EFA 4.0-benefit model”, illustrating 
the relationship between the levers addressed by good Industrie 
4.0 practice and the target dimensions affected, see fig. 3. The 
solutions, pulling the lever “staff efficiency”, only contribute 
25% to the reduction of manufacturing costs and even less to 
the fulfillment of other targets. In conclusion, the good practices 
investigated have little focus on supporting the quality, output 
and flexibility by addressing human work. These are typical 
target dimensions of lean production.  
From the study, the following conclusions for the 
implementation concepts in the learning factory were drawn:  
• The focused levers of this project had to be efficiency of 
staff, processes and resources to improve the target 
dimensions manufacturing costs, quality and speed 
(company key figures are the same as before) 
• The addressed core business processes had to be 
production planning and execution and the addressed 
support processes had to be quality management, 
maintenance and labor organization 
• The Industrie 4.0 instruments of this project had to be a 
vertical integration of process data to digitalize production 
and to improve transparency and a horizontal integration of 
material and information flows to improve process 
efficiencies as well as an upgrading of manual and partly 
automated work processes through new forms of human 
machine interfaces 
• The technologies that had to be implemented are 
information carriers, a respective IT-infrastructure and 
communication capable devices with internet technologies 
The analysis and classification of these activities, regarding 
their suitability for the integration within an established 
manufacturing environment, finally led to the main use cases 
and concepts addressed in this section. 
2.2.  Use Case “data management and usage of components 
as information carriers” 
Looking at the present manufacturing and management 
practices in SMEs, data is mainly gathered through the 
integration of document-based processes, such as reports, 
journals, tickets or any other protocol papers, which require 
manual input and are usually stored on the shop floor. This kind 
of data management cannot meet the long-term requirements 
of future value chains and production networks. 
To put an efficient and future-oriented production system 
into practice priority should be given to the acquisition and 
processing of data, which is available during the manufacturing 
process and if possible alongside the whole value chain. 
Regarding the vision of Industrie 4.0 those tasks should be 
performed digitally, without any media discontinuities and 
ideally fully automated by algorithms or components of the 
cyber-physical production system respectively. Therefore, not 
only technologies for data acquisition and processing have to 
be integrated within the production environment, but especially 
communication among all the systems and components 
participating in the manufacturing process is a requirement.  
The vision of Industrie 4.0 considers the interconnection and 
communication among CPS its main technological approach 
[2]. To allow that kind of interaction, related data sets and 
digitally compiled information have to be linked with the 
appropriate physical part or work piece itself.  
Fig. 3 EFA 4.0-benefit model
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To implement such a system a convenient way is to equip 
components with a label or a tag, thus enabling an 
identification. Besides the identifying part, the tag contains a 
pointer to the digital information of the component, which is 
stored in a database. This approach transforms passive 
components into information carriers and digitally attaches 
additional documentation and protocol papers. The suitable 
type and technology to use for identification depends on many 
different factors, which have to be taken into account and 
evaluated for the particular production environment and 
desired application area. But it does not affect the functionality 
of the whole concept, as long as the used system allows 
machine-readability and a unique identification of the marked 
object. As a result, it is possible to automatically recognize the 
marked object, be it a single component, a whole machine or 
even an employee and establish the desired connection to the 
appropriate digital information. The processing of data sets 
collected in that manner, allows for a deeper interconnection of 
distinct data points and a better overall analysis up to a real-
time digital image of the shop floor, see fig. 4. This allows for 
a significant increase in transparency and better understanding 
of the whole production chain, revealing potential for 
efficiency enhancement.  
2.3. Use Case “condition monitoring” 
The target of this use case is to illustrate different enablers 
in order to obtain access to data for a real-time image of the 
goodness of the processing procedure. Particularly, solutions to 
integrate data from shop floor to the above-mentioned higher-
level IT systems, retrofitting existing production structures 
economically, are shown. However, to avoid a merely 
technological approach, the implementation concepts are based 
on a benefit-oriented approach using aspects of a fieldbus 
neutral reference architecture for condition monitoring in 
factory automation [5], see fig. 5. The didactic approach is to 
first show participants the state of the process-learning factory 
before Industrie 4.0 concepts are implemented. With the help 
of the developed architecture and by introducing them to 
instruments of Industrie 4.0, participants are then asked to 
identify digitalization potential by finding digital 
inefficiencies. Having identified the potentials, the participants 
get a theoretical and practical introduction to the implemented 
Industrie 4.0 enablers. 
Starting from the benefit view, the interrogative “why”, the 
target dimensions and the levers [6] for digitalizing production 
systems have to be derived initially. The task of the functional 
view is to describe concrete functions for each identified lever 
and therefore to answer the “what” question. A hierarchical 
control structure consisting of three parts is used to extensively 
describe the specific applications of the goodness of processing 
procedures [7]. The first two parts are the machine control, 
focusing on the machine condition with parameters such as 
energy or filling levels, and the product control, focusing on 
product conditions such as dimensions. The third part is the 
process control, integrating the process status, as well as 
connecting machine and product data along the value stream. 
The next part of the reference architecture is the application 
view and the interrogative “where”. The identified functions of 
the previous view are applied to the resources of the value 
stream. In order to assist in finding potentials within the value 
stream, a template with digital inefficiencies, such as poor data 
capturing, insufficient information transfer, manual or paper-
based data compilation, etc., is given to the participants. The 
last part is the automation view associated with the “how” 
question. Within this view, the participants get a theoretical and 
practical introduction to Industrie 4.0 enablers, which have the 
ability to solve the identified digital inefficiencies and therefore 
to reach the defined functions of the functional view. Subject 
to the functional hierarchy, from which information have to be 
digitalized, different solutions are shown. However, these 
systems have the ability to communicate within Ethernet 
networks. The hierarchy levels 0-2 [8] are the focus of this use 
case. Superior systems are part of the use case data 
management. 
In the following, a highly aggregated overview of the 
implemented condition monitoring concepts in the process-
learning factory is given. The superior targets are the 
dimensions manufacturing costs, quality and speed. In order to 
improve these targets, the levers staff, resource and process 
Fig. 5 Procedure model for use case condition monitoring
Fig. 4 Real-time shop floor visualization
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efficiency are adjusted. With these levers and the structure of 
the functional view, the following potentials have been 
identified for the learning factory: 
Functional view - product level: 
• Integrated quality control with active process interlock 
• Remote control with process stop from afar 
• Real-time visualizations of product quality indicators 
Application view: Sawing machine, final product 
inspection, assembly line 
Functional view - machine level: 
• Real-time machine condition image, depicting the 
following information: Machine fault, program on/off, fill 
levels, energy data 
Application view: Sawing machine, milling machine, 
turning machine, wash station 
Functional view - process level: 
• Knowledge of product location, condition and history 
• Energy consumption per product 
• Quality check of each product 
• Combined evaluation of product and process quality to 
identify dependencies 
Application view: Entire value stream 
Automation view: 
Within the learning factory Industrie 4.0 enablers are 
implemented for each functional hierarchy. The enablers work 
as independent systems, but are also interlinked. One the one 
hand, low cost solutions with few data points, minimal 
intelligence and simple visualization blocks are demonstrated. 
On the other hand, high cost solutions such as a central process 
control system are demonstrated. Thanks to the Ethernet 
interfaces, different operators are able to get direct access to 
sensors, actuators and further control systems.  
2.4. Use Case “flexible intelligent worker assistance systems” 
Through implementing solutions and approaches of 
Industrie 4.0, the role of employees in production experiences 
a significant change. Particularly, increasing real-time oriented 
control affects the entire labour organisation [1]. Labor 
organisation thereby includes work processes, work contents 
and the whole working environment. It holds enormous 
potential for the empowerment of employees, especially in 
manual work steps. The central aim of flexible intelligent 
worker assistance systems is to assist employees with socio-
technical approaches to design Industrie 4.0 solutions. This 
requires a bidirectional communication between the system and 
the employee. On the one hand, the system adapts to the 
employee and offers him user-centred assembly information. 
This assembly information is derived from 3D CAD and is 
linked with the component as an information carrier. On the 
other hand, the employee passes on his own knowledge of the 
system that learns from it. But, in order to be able to generate 
user-friendly assembly information, the worker assistance 
system requires a variety of information about the employee. 
These may relate to ergonomic parameters, such as the body 
height, but also to skills, such as knowledge and craft skills. For 
this purpose an employee data model was developed. The 
assistance system starts with a login of the employee using his 
ID, see fig. 6. The system then accesses the employee’s 
information. Once a component has been scanned the 
assistance can start. Based on the component’s ID assembly 
information is provided. 
The intelligent use of system components and people as part 
of a flexible assembly concludes in a higher staff and process 
efficiency, due to the avoidance of extensive training times for 
assembly workers and process delays [10]. Furthermore, job 
rotation is strongly supported. The use of the assistance system 
is flexible and employee specific. Depending on the level of 
qualification of the individual employee, more or less 
information are shown. In further considerations other 
influences on the employees are analyzed, for example, 
exhaustion and time distances between individual assemblies. 
Based on the gained experiences a process model was 
developed, see fig. 7.  
Conclusion and outlook “competence center for Industrie 
4.0” 
The main characteristic of the here focused approach is its 
Fig. 6 Worker assistance system, schematic procedure [9]
Fig. 7 Process model for introducing flexible intelligent worker assistance systems
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brown field application within an existing production 
environment of a process learning factory, instead of a green 
field application. The value chain for the production of a 
pneumatic cylinder with a variety of process steps and an 
already implemented IT-infrastructure are given. 
Based on this research project, “Effiziente Fabrik 4.0“, a 
competence center focusing on the transfer of Industrie 4.0 
concepts to small and medium sized enterprises is being 
established. Based on a structural analysis of the region, needs 
for action for SMEs and the craft sector in the context of 
digitalization have been identified. These needs will be 
addressed by an interdisciplinary consortium including 
regional chambers, labor unions and other multipliers.  
The overall aim of the competence center is to increase the 
competitiveness of the regional SMEs. Their ability to 
recognize the opportunities of digitalization and 
interconnectedness and to implement related concepts 
individually is to be focused. SMEs should understand how 
they can link communication capable objects, based on 
available internet technologies, in order to make their own 
value creation processes more efficient and to increase 
customer value through new market opportunities.  
The mentioned analysis of the predominate industry sector in 
the region revealed the following fields of action (s. fig. 8): 
Efficient processes for value creation, labour 4.0, IT-security, 
new market opportunities and energy management.  
The results presented in this paper are taken as a starting 
point to be integrated in these fields (e.g. components as 
information carriers). In order to convey digitalization-related 
concepts appropriate to the requirements of SMEs, instruments 
to  
• raise awareness of the benefits (e.g. demonstrator in 
learning factories), 
• analyze potentials (e.g. approaches to Industrie 4.0 value 
stream mapping), 
• enable individual implementation within their own 
company (e.g. trainings in learning factories) and 
• evaluate benefits and efforts of digitalization 
have to be developed. 
Among others, knowledge transfer takes place in the learning 
factories of TU Darmstadt (CiP, center of industrial production, 
and ETA, center for energy efficiency). Thus, the participants 
have the opportunity to assess the suitability for their own 
company and to experience the real operation within a 
demonstration and test environment. By target group-oriented 
competence development policy makers, implementers and 
multipliers are equipped with technological, organizational and 
labor skills. Besides the in depth training (especially in learning 
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